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A B S T R A C T   
Cryopreservation is required to preserve the native properties of tissue for prolonged periods of time. In this 
study, we evaluate the impact that 4 different cryopreservation protocols have on porcine urethral tissue, to 
identify a protocol that best preserves the native properties of the tissue. The cryopreservation protocols include 
storage in cryoprotective agents at − 20 ◦C and − 80 ◦C with a slow, gradual, and fast reduction in temperature. 
To evaluate the effects of cryopreservation, the tissue is mechanically characterised in uniaxial tension and the 
mechanical properties, failure mechanics, and tissue dimensions are compared fresh and following 
cryopreservation. 
The mechanical response of the tissue is altered following cryopreservation, yet the elastic modulus from the 
high stress, linear region of the Cauchy stress – stretch curves is unaffected by the freezing process. To further 
investigate the change in mechanical response following cryopreservation, the stretch at different tensile stress 
values was evaluated, which revealed that storage at − 20 ◦C is the only protocol that does not significantly alter 
the mechanical properties of the tissue compared to the fresh samples. Conversely, the ultimate tensile strength 
and the stretch at failure were relatively unaffected by the freezing process, regardless of the cryopreservation 
protocol. However, there were alterations to the tissue dimensions following cryopreservation that were 
significantly different from the fresh samples for the tissue stored at − 80 ◦C. 
Therefore, any study intent on preserving the mechanical, failure, and geometric properties of urethral tissue 
during cryopreservation should do so by freezing samples at − 20 ◦C, as storage at − 80 ◦C is shown here to 
significantly alter the tissue properties.   
1. Introduction 
The urethra is a complex tubular organ that transports urine from the 
urinary bladder during micturition. It is comprised of a mucosa, a sub-
mucosa rich in collagen and elastin, muscular layers and connective 
tissue (Brandes, 2008). Collagen is predominantly responsible for giving 
tissue its strength, while elastin provides elasticity, allowing the tissue to 
return to its normal shape following deformation (Holzapfel, 2001). 
Trauma to the urethra caused by inflammation, ischemic strictures, 
congenital defects, malignancy or from iatrogenic injuries such as 
inflation of a misplaced urinary catheter anchoring balloon during 
transurethral catheterisation can result in the need for urethral recon-
structive surgeries (Orabi et al., 2013; Davis et al., 2015). Tissue engi-
neered urethral scaffolds have become an effective treatment option, but 
frequently fail in cases of long strictures, tubular grafting, grafting in 
unhealthy residual urethral beds, or grafting of penile strictures (Davis 
et al., 2018a). These limitations can be attributed to the fact that current 
urethral scaffolds fail to mimic the properties of native urethral tissue, as 
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the properties of urethral tissue remain relatively unknown. Therefore, 
the composition, structure and mechanical properties of native urethral 
tissue need to be elucidated to facilitate the development of improved 
tissue engineered urethral scaffolds. 
The properties of animal urethras have been previously charac-
terised by Natali et al., (2016, 2017) who investigated the biomechanics 
and structural behaviour of horse urethras Natali et al. (2016, 2017) and 
Rudyk et al., (2020) who analysed the deformation of rabbit urethras 
(Rudyk et al., 2020). Furthermore, attempts to characterise the prop-
erties of human urethral tissue have been previously performed on tissue 
obtained from male to female gender reassignment surgeries (Davis 
et al., 2018b; Cunnane et al., 2021) and formaldehyde fixed tissue from 
cadavers (Masri et al., 2018). Such data is of paramount importance to 
the field of urethral tissue mechanics. The optimal condition in which to 
characterise urethral tissue is fresh, immediately following surgical 
excision, to avoid the adverse effects associated with tissue degradation 
that can occur after as little as 24 h (Stemper et al., 2007). Despite this, it 
is not always possible to characterise the tissue within this short time 
frame due to several confounding factors, including the time of surgery 
and logistical constraints. Therefore, cryopreservation is required to 
maintain the native properties of the fresh tissue for prolonged periods 
of time. Cryopreservation techniques were originally developed for 
isolated cells, and for each cell type there exists an optimal preservation 
condition (Müller-Schweinitzer, 2009). However, cryopreservation of 
intact tissue segments is challenging as it is a complex multicellular 
system containing diverse cell types with differing requirements for 
optimal preservation. 
Cryopreservation can induce the formation of ice crystals in the 
extracellular matrix, leading to intracellular ice formation and cellular 
dehydration (Karlsson and Toner, 1996), as well as a bulk redistribution 
of water, which can result in a reduction in the weight and dimensions of 
the tissue post-freezing (Venkatasubramanian et al., 2006; Hemmasi-
zadeh et al., 2012). These changes may induce alterations in the collagen 
and elastin fibres (Venkatasubramanian et al., 2006; Chow and Zhang, 
2011), in addition to the loss of smooth muscle cell viability, which 
influences the mechanical properties of the tissue (Venkatasubramanian 
et al., 2006). Cryoprotective agents (CPA), such as dimethyl sulfoxide 
(DMSO) are used to reduce ice crystal formation in both the intra- and 
extracellular space, thereby preventing water movement out of the tis-
sue and limiting cryoinjury (Karlsson and Toner, 1996; Brockbank, 
1989; Schenke-Layland et al., 2006). Controlling ice crystal formation is 
therefore fundamental to the development of a successful cryopreser-
vation protocol that limits tissue alterations and does not affect the 
properties of the tissue post-freezing. 
Despite extensive research, there is no consensus regarding the 
impact of cryopreservation on soft biological tissue, regardless of tissue 
type. For example, some studies state that cryopreservation does not 
have a significant effect on the mechanical properties (Stemper et al., 
2007; Adham et al., 1996; Ng et al., 2005; Delgadillo et al., 2010; Arnout 
et al., 2013; O’Leary et al., 2014; Caro-Bretelle et al., 2016), while other 
studies report the opposite (Venkatasubramanian et al., 2006; Hem-
masizadeh et al., 2012; Chow and Zhang, 2011; Ng et al., 2005; Mat-
thews and Ellis, 1968; Turner et al., 1988; Smith et al., 1996; Wang et al., 
2006; Venkatasubramanian et al., 2010; Caro-Bretelle et al., 2015). 
Consequently, the impact of cryopreservation on soft biological tissue 
should be evaluated on a case by case basis and, to the best of the au-
thors’ knowledge, no studies have assessed the impact that cryopreser-
vation has on urethral tissue. Furthermore, based on the findings of the 
aforementioned studies, it is apparent that cryopreservation can have a 
significant impact on some mechanical properties, while others remain 
unaltered by the freezing process. This highlights the importance of 
including several comparative metrics to fully evaluate the impact of 
cryopreservation. Therefore, this study aims to evaluate the impact that 
different cryopreservation protocols have on porcine urethral tissue 
using a uniaxial testing protocol and comparing 1) the mechanical 
properties 2) the failure mechanics and 3) the dimensions of the tissue 
fresh and following cryopreservation. The findings of this study show 
that the mechanical response of porcine urethral tissue is altered 
following cryopreservation, yet the elastic modulus from the high stress, 
linear region of the Cauchy stress – stretch curves is unaffected. 
Furthermore, storage at − 20 ◦C is the only cryopreservation protocol, 
analysed in this study, that does not significantly alter the mechanical, 
failure and geometric properties of the porcine urethral tissue compared 
to the fresh samples. 
2. Materials and methods 
2.1. Preparation of tissue 
Adult male porcine urethral tissue (n = 18) was obtained from a local 
abattoir (Rosderra Irish Meats, Roscrea) following euthanasia, where the 
urethra, vesicular glands and bladder were isolated from the surround-
ing tissue, Fig. 1A. The pigs were all the same breed, gender (male), age 
(7 months old at the time of sacrifice) and approximate weight (100 kg). 
The samples were transported to the University of Limerick in an insu-
lated box containing ice packs, where the vesicular glands, bladder and 
bladder neck were removed followed by the isolation of the pelvic 
urethra upon arrival Fig. 1B. A longitudinal incision was made along the 
length of the urethra, Fig. 1C. Circumferential slices were taken 
approximately 5 mm apart, and were used for mechanical characteri-
sation, Fig. 1D–F. Each urethra was sectioned into 5–7 circumferential 
slices, depending on the length of the pelvic urethra. The proximal and 
distal sections were discarded to ensure that each sample had a uniform 
width, thereby reducing inter-sample variability. The samples were 
temporarily stored in phosphate buffer solution (PBS) at 4 ◦C until tested 
fresh or prepared for cryopreservation. Four samples from each urethra 
were used to evaluate the impact of cryopreservation (n = 64), while the 
remaining samples were tested immediately to determine the mechan-
ical properties of fresh porcine urethral tissue (n = 39). 
Porcine urethral tissue has an eccentric lumen that results in a non- 
uniform wall thickness. The tissue surrounding the lumen is thickest 
cranially and thinnest caudally, Fig. 1E. Consequently, a longitudinal 
incision was made caudally in each urethra so that this portion of the 
tissue could be secured in the clamps during mechanical characterisa-
tion, as the thinner tissue is easier to secure in the clamps, making it less 
likely to slip during testing to failure. Additionally, the tissues eccentric 
lumen prevented multiple uniform samples being obtained from the 
same urethra in the longitudinal direction, making it unfeasible to 
evaluate the impact of cryopreservation in the longitudinal direction in 
the current study. 
2.2. Cryopreservation 
Cryopreservation is the best option to avoid the adverse effects 
associated with tissue degradation over time. Despite this, cryopreser-
vation can damage the tissue through ice crystal formation. CPA are 
used to repress ice crystal formation during the freezing process. The 
CPA used in the current study consisted of tissue culture medium (TC- 
199), 8% dimethyl sulfoxide (DMSO) and 4.6% albumin, as this com-
bination has previously been shown to preserve the collagen, elastin and 
reticular fibres of decellularized tissue scaffolds following cryopreser-
vation (Díaz-Moreno et al., 2018). The samples were placed in vials 
containing CPA and left to equilibrate for approximately 10 min prior to 
storage, as previous studies have shown that optimal preservation of 
post-thaw contractibility is achieved with 10 min of pre-freeze equili-
bration (Müller-Schweinitzer, 1994). 
The different storage temperatures evaluated in this study are − 20 ◦C 
and − 80 ◦C. The tissue stored at − 20 ◦C experienced a gradual reduction 
in temperature, while the tissue stored at − 80 ◦C underwent a slow, 
gradual, and fast reduction in temperature. This was achieved by placing 
the vials containing the tissue in a Styrofoam box and then in a − 80 ◦C 
freezer (− 80 – Slow), placing the vials directly in the − 80 ◦C freezer 
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(− 80 – Gradual) and snap freezing the vials containing the tissue in 
liquid nitrogen prior to storage at − 80 ◦C (− 80 – Fast). The tissue was 
stored in the freezer for a minimum of 1 week and no longer than 2 
weeks prior to being tested. 
2.3. Mechanical characterisation 
Prior to testing, the vials containing the samples were removed from 
the freezer and placed in a water bath at 39 ◦C until fully thawed, which 
was determined through visual examination of the tissue (Pegg et al., 
1997). The samples were subsequently removed from the vials and 
placed in a bath of PBS at 39 ◦C for 10 min to rehydrate the tissue and 
simulate in vivo conditions. The fresh samples were also placed in a bath 
of PBS at 39 ◦C for 10 min prior to testing. Each sample was removed 
from the bath and blotted with absorbent paper to remove excess PBS 
from the surface of the tissue. The samples were then secured in the 
clamps and mechanically characterised in uniaxial tension (Mecmesin, 
MultiTest-dV). Modified clamps were used to secure the samples and 
prevent tissue slippage, which was a recurring problem during pre-
liminary tests due to the thickness of the samples. Modifications 
included sand paper and sharpened pins embedded in one clamp with 
corresponding holes in the other, which pierced the tissue to prevent it 
from slipping during testing (Mulvihill, 2013). There was a variation in 
the length of each sample due to inter-animal variability, which is 
typical for soft biological tissue, making it difficult to achieve a length to 
width ratio >4:1 to test the samples in pure tension. The mean length to 
width ratio for the fresh samples was 3.5:1 ± 0.5 (n = 39) and for the 
frozen samples was 3.1:1 ± 0.7 (n = 64). However, Mulvihill and Walsh, 
(2013) demonstrated that a length to width ratio >2:1 is suitable for 
tensile testing as the minor strain is correct within 5% for more than 
80% of the gauge length (Mulvihill and Walsh, 2013). 
A pre-load of 0.1 N was applied to each sample to remove the slack 
from the tissue. The gauge length and thickness of each sample was 
measured using a non-contact photography method (Walsh et al., 2018). 
The mean length for the fresh and frozen samples was 22.85 ± 3.28 mm 
and 20.01 ± 3.84 mm, while the mean thickness was 10.32 ± 1.06 mm 
and 11.20 ± 1.24 mm, and the mean width was 5.81 ± 0.56 mm and 
5.81 ± 0.58 mm, respectively. Each sample underwent 6 
pre-conditioning cycles to 1 N (Khanafer et al., 2013) at a strain rate of 1 
mm/s and subsequently pulled to failure, at the same strain rate. A strain 
rate of 1 mm/s was selected, as it is representative of the near instan-
taneous expansion of the urethra during micturition (Schmidt et al., 
2003). Furthermore, this strain rate mimics iatrogenic injury to the 
urethra by the inflation of a misplaced urinary catheter anchoring 
balloon that can be fully inflated in as little as 10 s, which equivalates to 
a flow rate of 1 mL/s (Davis et al., 2017). During uniaxial extension, the 
force was continuously measured using a 50 N force gauge (Mecmesin, 
MultiTest-dV). The force – displacement data was converted to Cauchy 
stress and stretch, respectively. Cauchy stress is the preferred metric for 
the characterisation of soft biological tissues (Walsh et al., 2014). It 
should be noted that the Cauchy stress is equal to the Kirchhoff stress for 
incompressible materials (Khanafer et al., 2013). Therefore, the Cauchy 
stress is defined as: 
τ= λσE  





+ 1  
where L is the gauge length and ΔL is the change in length. Engineering 




where F is the current force and A0 is the original cross-sectional area of 
the sample. Porcine urethral tissue exhibits a hyperelastic response, 
which is typical for soft biological tissues (Holzapfel, 2001). The Cauchy 
stress – stretch curves for hyperelastic materials are comprised of 3 
distinct phases, Fig. 1G. Phase I: low stress, linear region; elastin fibres 
are predominantly responsible for the stretching mechanisms. Phase II: 
toe region; collagen fibres uncrimp and elongate in the direction of the 
applied load. Phase III: high stress, linear region; collagen fibres resist 
the load until the ultimate tensile strength (UTS) of the tissue is reached 
and fibres begin to break. The elastic modulus, which is a measure of the 
stiffness of elastic materials, is calculated from the high stress, linear 
region of the Cauchy stress – stretch curves, Fig. 1G. The linear region of 
each curve is identified using a linear fit, with an R2 > 0.98 (Walsh et al., 
2018). It should be noted that due to the thickness of porcine urethral 
Fig. 1. The dissection process used to prepare the porcine urethral tissue for mechanical characterisation. A: Adult male porcine urethral tissue including the bladder 
and vesicular glands. B: Removal of the vesicular glands, bladder and bladder neck, followed by isolation of the pelvic urethra. C: A longitudinal incision is made 
along the bottom of the pelvic urethra (ventral) where the tissue is the thinnest. D: Circumferential slices are made approximately 5 mm in thickness. E: An example 
of a circumferential slice of pelvic urethra used for mechanical characterisation indicating the dorsal and ventral direction, where the tissue is thickest and thinnest, 
respectively. F: A circumferential slice secured in the custom clamps, highlighting the locations where the gauge length (n = 2) and thickness (n = 3) are measured 
using non-contact photography. The gauge length was measured on either side of each sample. G: Example of a Cauchy stress – stretch curve (Holzapfel, 2001). 
PhaseI: low stress, linear region. Elastin fibres are predominantly responsible for the stretching mechanisms. PhaseII: toe region. Collagen fibres uncrimp and 
elongate in the direction of the applied load. Phase III: high stress, linear region. Collagen fibres resist the load until the ultimate tensile strength of the tissue is 
reached and fibres begin to break. 
C.V. Cunnane et al.                                                                                                                                                                                                                            
Journal of the Mechanical Behavior of Biomedical Materials 119 (2021) 104516
4
tissue, a number of samples slipped from the clamps (n = 27) prior to the 
tissue reaching its UTS. Consequently, the failure mechanics for these 
samples were not included in this study. However, the elastic modulus 
was calculated from the high stress, linear region, as the point of sample 
slippage could be identified from the Cauchy stress – stretch curves. The 
data beyond the point of slipping was omitted from the analysis. 
2.4. Statistical analysis 
Statistical analysis was performed using Prism GraphPad (GraphPad 
Software, La Jolla California USA). Normality tests were performed 
followed by ordinary one-way ANOVA tests with a Bonferroni adjust-
ment to compare the fresh and frozen measurements for each sample to 
determine if they were statistically different. The measurements ana-
lysed in this study include the elastic modulus, the UTS and stretch at 
UTS, the stretch at different tensile stresses, and the dimensions of each 
sample fresh and following cryopreservation. A relationship was 
deemed statistically significant at a p value <0.05. All measurements are 
presented as the mean ± standard deviation. The results are displayed 
using box and whisker plots, which represent the interquartile range and 
the maximum and minimum data points, respectively. However, if the 
maximum and minimum data points exceed 1.5 times the interquartile 
range, they are displayed as an outlier. The number of * indicates the 
level of significance between groups: *; p value <0.05, **; p value 
<0.01, ***; p value <0.001 and ****; p value <0.0001. 
3. Results 
3.1. Cauchy stress – stretch curves 
The fresh and cryopreserved urethral samples were characterised in 
uniaxial tension and the corresponding Cauchy stress – stretch curves 
are displayed in Fig. 2. The grey lines encapsulate the Cauchy stress – 
stretch curves for all samples tested (envelope graphs), while the black 
lines represent the mean response for the different groups. Qualitative 
analysis of the Cauchy stress – stretch curves reveals that the fresh 
samples display a j-curve response that is typical of soft biological tissue 
(Holzapfel, 2001). The samples stored at − 20 ◦C display a similar 
response to the fresh samples but exhibit an initial r-curve response 
followed by the typical j-curve response, Fig. 2A. This r-curve response is 
exaggerated in the samples stored at − 80 ◦C, Fig. 2B–D and the length of 
the toe region appears to be dependent on the rate of temperature 
reduction, with the ‘-80 – Slow’ samples demonstrating the shortest toe 
region and the ‘-80 – Fast’ samples displaying the longest. 
3.2. Elastic modulus 
The elastic modulus (EHigh) from the high stress, linear region of the 
Cauchy stress – stretch curves for each group are shown as box plots in 
Fig. 3. There is no significant difference in EHigh between the samples 
fresh and following cryopreservation (p > 0.05). Table 1 indicates the 
mean EHigh values for each of the sample groups and the variability 
between samples from the same animal fresh and following cryopres-
ervation. The variability values reveal that ‘-20 – Gradual’ (17.5 ±
15.9%) demonstrates the lowest mean change in EHigh followed by ‘-80 – 
Gradual’ (21.4 ± 16.6%), ‘-80 – Slow’ (22.8 ± 15.1%) and ‘-80 – Fast’ 
(25.5 ± 17.7%), Table 1. These results indicate that cryopreservation 
does not have a significant impact on EHigh regardless of the cryopres-
ervation protocol. 
3.3. Stretch 
Elastic modulus fails to capture the variation in mechanical behav-
iour observed in Fig. 2. To quantify the variation, the stretch at different 
tensile stresses was calculated, Fig. 4. The tensile stresses were evaluated 
between 50 and 200 kPa in intervals of 50 kPa. There is no significant 
Fig. 2. Envelope graphs displaying the Cauchy stress - stretch curves for porcine urethral tissue fresh and following cryopreservation. The grey lines and shading 
encapsulate the response of all samples within the different groups, while the black lines represent the mean response. The mean response for the different groups was 
determined by reducing the number of data points in each Cauchy stress – stretch curve to a set number of points and averaging them across all curves. It should be 
noted that the mean response and the envelope graphs that encapsulate the range of responses for the different groups are intended for purely qualitative analysis. 
The solid lines represent the response of the samples tested fresh and are displayed in each graph for comparison purposes (A–D). A: Samples stored at − 20 ◦C (− 20 – 
Gradual). B–D: Samples stored at − 80 ◦C with a slow, gradual, and fast reduction in temperature, respectively (− 80 – Slow, − 80 – Gradual and − 80 – Fast). 
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difference between the samples fresh and following cryopreservation at 
a tensile stress value of 50 kPa, regardless of the cryopreservation pro-
tocol. However, as the tensile stress value increases to 100 kPa there is a 
significant difference between the samples stored at − 80 ◦C and the 
fresh samples (− 80 – Slow; p < 0.0001, − 80 – Gradual; p < 0.001 and 
− 80 – Fast; p < 0.01). A similar trend is observed at a tensile stress value 
of 150 kPa (− 80 – Slow; p < 0.01, Gradual; p < 0.05 and − 80 – Fast; p <
0.0001). At a tensile stress value of 200 kPa, the stretch of the samples 
stored at − 80 ◦C with a slow and fast reduction in temperature remain 
significantly different from the fresh samples (− 80 – Slow; p < 0.0001 
and − 80 – Fast; p < 0.01). These findings suggest that storing porcine 
urethral tissue at − 80 ◦C has a significant effect on mechanical behav-
iour while storing the tissue at − 20 ◦C does not, regardless of the change 
in tensile stress value. The tangential modulus at different tensile 
Fig. 3. A: The elastic modulus from the high stress, 
linear region of the Cauchy stress – stretch curves 
(EHigh) for porcine urethral tissue fresh and following 
cryopreservation. The box and whiskers represent the 
inter quartile range and the maximum and minimum 
data points, respectively. Unless the data points 
exceed 1.5 times the inter quartile range, then they 
are displayed as an outlier (circle). The solid line and 
the plus symbol represent the median and mean, 
respectively. B: The mean percentage change in EHigh, 
indicates the variability between samples from the 
same animal.   
Table 1 
The mean elastic modulus from the high stress, linear region of the Cauchy stress 
– stretch curves (EHigh) for the porcine urethral tissue fresh and following 
cryopreservation and the mean percentage change in EHigh for the different 
methods of freezing. The mean percentage change indicates the variability be-
tween samples from the same animal. All values are displayed ± standard 
deviation.   
EHigh (kPa) p value Change in EHigh (%) 
Fresh 546 ± 134 – – 
− 20 – Gradual 557 ± 133 0.999 17.5 ± 15.9 
− 80 – Slow 563 ± 151 0.999 22.8 ± 15.1 
− 80 – Gradual 548 ± 156 0.999 21.4 ± 16.6 
− 80 – Fast 538 ± 135 0.999 25.5 ± 17.7  
Fig. 4. The stretch at different tensile stresses for 
porcine urethral tissue fresh and following cryopres-
ervation; 50 kPa (A), 100 kPa (B), 150 kPa (C) and 
200 kPa (D). The box and whiskers represent the inter 
quartile range and the maximum and minimum data 
points, respectively. Unless these data points exceed 
1.5 times the inter quartile range, then they are dis-
played as an outlier (circle). The solid line and the 
plus symbol represent the median and mean, respec-
tively. *; p < 0.05. **; p < 0.01. ***; p < 0.001. ****; 
p < 0.0001.   
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stresses was also evaluated between 50 and 200 kPa in intervals of 50 
kPa. The results from this analysis can be found in the supplmentary 
material. 
3.4. Failure mechanics 
The impact that cryopreservation has on the failure mechanics of 
porcine urethral tissue is displayed in Fig. 5. The tissue stored at − 80 ◦C 
with a gradual reduction in temperature demonstrates an UTS that is 
significantly lower than the fresh samples (p < 0.05), while the 
remaining groups exhibit a reduction in UTS that are not significantly 
different from the fresh samples. These findings are consistent with the 
results in Fig. 2, as the fresh samples consistently reach higher stresses 
than their ctryopreserved counterparts. Similarly, cryopreservation 
causes a slight decrease in the mean stretch at UTS for all groups apart 
from ‘-80 – Fast’, which demonstrates a slight increase, Table 2. How-
ever, there is no significant differences between the fresh and cry-
opreserved samples. In summary, the failure mechanics of the tissue are 
largely unaffected by cryopreservation, with the exception of ‘-80 – 
Gradual’ for the UTS. 
3.5. Tissue dimensions 
The impact of cryopreservation on the dimensions of porcine ure-
thral tissue can be seen in Fig. 6, while the location of the length (gauge 
length) and thickness measurements are displayed in Fig. 1. Cryopres-
ervation causes a reduction in the overall length of the samples that is 
significantly different from the fresh samples for ‘-80 – Slow’ (p < 0.01) 
and ‘-80 – Fast’ (p < 0.01). Alternatively, there is an increase in the 
thickness of the samples that is significantly different from the fresh 
samples for ‘-80 – Slow’ (p < 0.05) and ‘-80 – Gradual’ (p < 0.05). These 
findings indicate that there is a decrease in overall length of porcine 
urethral tissue with a corresponding increase in the thickness following 
cryopreservation, regardless of the freezing protocol. Furthermore, 
cryopreservation at − 80 ◦C significantly changes the dimensions of the 
tissue, while there is no significant change in the tissue dimensions 
stored at − 20 ◦C. 
The changes in the tissue dimensions due to cryopreservation can be 
seen in Fig. 6C–F. These images indicate that the samples undergo 
substantial morphological changes due to the freezing process. To 
investigate the cause of these changes, the weight of the samples was 
measured pre- and post-freezing in a small sample size (n = 4). The 
results revealed that the samples stored in CPA experienced a weight loss 
of approximately 8.6% and 6.6% for the samples stored at − 20 ◦C and 
− 80 ◦C, respectively, Table 3. To determine if the cause of this weight 
loss was due to tissue dehydration caused by some component of the 
CPA used in this study, additional samples were stored in PBS and their 
weight was also measured pre- and post-freezing. The results demon-
strated that the samples stored in PBS experienced an increase in weight 
of approximately 0.5% and 2.5% for the samples stored at − 20 ◦C and 
− 80 ◦C, respectively, Table 3. These findings suggest that some 
component of the CPA is causing tissue dehydration. 
4. Discussion 
This study is the first to evaluate the impact of cryopreservation on 
the mechanical, failure and geometrical properties of porcine urethral 
tissue. It was observed that cryopreservation results in an elongated toe 
region in the Cauchy stress – stretch curves, Fig. 2. This phenomenon 
was quantified by comparing the stretch at different tensile stress values, 
which revealed that storage at − 80 ◦C significantly alters the stretch 
compared to the fresh samples, Fig. 4. Despite these differences, the high 
stress, linear region of the curves is unaltered by the freezing process, 
resulting in a similar elastic modulus fresh and following cryopreser-
vation, Fig. 3. The samples stored at − 80 ◦C, with a gradual reduction in 
temperature were the only samples that demonstrated significantly 
altered failure mechanics, Fig. 5. Additionally, cryopreservation caused 
the length of the samples to decrease and the thickness to increase, with 
significant differences detected between the fresh samples and the tissue 
stored at − 80 ◦C, Fig. 6. These morphological changes were attributed to 
tissue dehydration, the effects of which can be qualitatively and quan-
titatively observed in Fig. 6 and Table 3, respectively. Overall, the 
findings of this study indicate that the optimal cryopreservation protocol 
for porcine urethral tissue is storage at − 20 ◦C, as storage at − 80 ◦C is 
shown to significantly impact the tissue properties in several ways. 
It was observed that cryopreservation causes the mechanical 
response of porcine urethral tissue to change compared to the response 
Fig. 5. The ultimate tensile strength (UTS) (A) and the stretch at UTS (B) for porcine urethral tissue pre-and post-freezing. The box and whiskers represent the inter 
quartile range and the maximum and minimum data points, respectively. Unless these data points exceed 1.5 times the inter quartile range, then they are displayed as 
an outlier (circle). The solid line and the plus symbol represent the median and mean, respectively. UTS; Ultimate tensile strength. *; p > 0.05. 
Table 2 
The mean ultimate tensile strength (UTS) and the mean stretch at UTS for 
porcine urethral tissue fresh and following cryopreservation. All values are 
displayed ± standard deviation. UTS; Ultimate tensile strength.   
UTS (kPa) p value Stretch at UTS p value 
Fresh 362 ± 82 – 1.99 ± 0.25 – 
− 20 – Gradual 311 ± 76 0.146 1.84 ± 0.21 0.415 
− 80 – Slow 331 ± 67 0.965 1.92 ± 0.30 0.999 
− 80 – Gradual 286 ± 58* 0.016 1.89 ± 0.28 0.999 
− 80 – Fast 336 ± 53 0.999 2.09 ± 0.40 0.999  
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of fresh tissue, Fig. 2. Despite this, there is no significant difference 
between the elastic modulus from the high stress, linear region of the 
Cauchy stress – stretch curves, Fig. 3. This is in agreement with the 
findings of Stemper et al., (2007), O’Leary et al., (2014) and Caro--
Bretelle et al., (2015) who found that storage at − 20 ◦C did not have a 
significant impact on the elastic modulus (Stemper et al., 2007; O’Leary 
et al., 2014; Caro-Bretelle et al., 2015). The mechanical response of the 
tissue in the high stress region of the Cauchy stress – stretch curves is 
predominantly controlled by collagen fibres (Holzapfel, 2001). This 
suggests that cryopreservation does not damage the collagen fibres, an 
observation that is supported by the fact that collagen degradation is 
associated with a decrease in tensile stiffness (Bader et al., 1981), which 
was not observed in the current study. However, cryopreservation can 
cause collagen fibres to thicken and separate and become disorganised, 
inducing variation in the mechanical response of the tissue (Ven-
katasubramanian et al., 2010; Caro-Bretelle et al., 2015; Ozcelikkale and 
Han, 2016). Possible explanations for the changes observed in the 
response of the tissue following cryopreservation include fluctuations in 
the water content, weight changes, alterations in collagen fibre align-
ment, damage to the extracellular matrix, and loss of smooth muscle cell 
viability (Venkatasubramanian et al., 2006). It should be noted that the 
impact of cryopreservation on collagen was not evaluated in the current 
study and our conclusions are based on the variation in the mechanical 
response of the tissue, Fig. 2. Therefore, future studies should directly 
investigate the impact that cryopreservation has on collagen fibres, 
particularly its ability to uncrimp and straighten during extension. 
Cryopreservation causes the length of the samples to decrease, but 
the thickness to increase. A similar finding was observed in previous 
studies that reported an increase in sample thickness post-freezing 
(Chow and Zhang, 2011; O’Leary et al., 2014; Gabriel et al., 2006; 
Giannini et al., 2008). Furthermore, qualitative analysis of the samples 
post-freezing indicates that the samples undergo considerable morpho-
logical changes, which was attributed to tissue dehydration, Fig. 6. This 
observation was confirmed by measuring the weight of the samples pre- 
and post-cryopreservation in a small sample size, which revealed that 
cryopreservation resulted in an overall reduction in weight, Table 3. A 
decrease in weight has also been observed in previous studies, which the 
authors attributed to tissue dehydration (Venkatasubramanian et al., 
2006; Venkatasubramanian et al., 2010). To determine if some compo-
nent of the CPA utilised in this study was responsible for the tissue 
dehydration, additional samples were stored in PBS at − 20 ◦C and 
− 80 ◦C. Interestingly, these samples experienced a slight increase in 
weight. Consequently, these findings suggest that some component of 
the CPA utilised in this study may be responsible for the tissue 
dehydration. 
Díaz-Moreno et al., (2018) evaluated the efficiency of several cryo-
preservation protocols to preserve the main components of decellular-
ized tissue scaffolds (Díaz-Moreno et al., 2018). They found that storage 
in tissue culture medium (TC-199), 8% DMSO and 4.6% albumin best 
preserved collagen, elastin, and reticular fibres but failed to preserve the 
proteoglycan content of the tissue. Urethral tissue contains small pro-
teoglycans such as decorin and biglycan, which organise collagen 
fibrillization and large proteoglycans like versican that are responsible 
for tissue hydration (Falconer et al., 1998). The ability of proteoglycans 
such as versican to attract water to the matrix can be attributed to the 
negatively charged glycosaminoglycan chains. This negative charge at-
tracts positive ions, which causes osmotic pressure imbalances. Since 
versican is too large to relocate, water molecules account for these im-
balances and cause the matrix to swell and help separate the collagen 
fibres (Kiani et al., 2002; Kriete et al., 2019). Previous studies have 
shown that prolonged exposure to DMSO, in relatively low concentra-
tions, can lead to significant proteoglycan degradation as well as a 
significantly lower water content (Matthews et al., 1998). Therefore, it is 
believed that the inclusion of DMSO in the CPA may be responsible for 
the tissue dehydration observed in the current study. 
DMSO is one of the most common components of commercially 
available CPA (Marquez-Curtis et al., 2015) due to its ability to protect 
cells from cryoinjury, by reducing ice crystal formation in both the intra- 
and extracellular space, and thereby preventing water movement out of 
the tissue (Karlsson and Toner, 1996; Brockbank, 1989; Schenke-Lay-
land et al., 2006). Despite this, the adverse effects associated with DMSO 
are often underreported, such as its detrimental effect on proteoglycans 
(Matthews et al., 1998; Santos et al., 2003). Consequently, future studies 
should seek to replace the use of DMSO in CPA. Potential alternatives 
include the addition of sugars such as lactose, sucrose, trehalose or 
raffinose to the CPA, which has previously resulted in up to 60% survival 
rate of human dermal mesenchymal stem cells following cryopreserva-
tion in the complete absence of DMSO (Petrenko et al., 2014). 
Fig. 6. The length (gauge length) (A) and thickness (B) of porcine urethral tissue fresh and following cryopreservation. The box and whiskers represent the inter 
quartile range and the maximum and minimum data points, respectively. Unless these data points exceed 1.5 times the inter quartile range, then they are displayed as 
an outlier. The solid line and the plus symbol represent the median and mean, respectively. *; p < 0.05. **; p < 0.01. C–D: Samples stored in CPA at − 20 ◦C (C) and at 
− 80 ◦C (D) pre- and post-freezing. E–F: Samples stored in PBS at − 20 ◦C (E) and at − 80 ◦C (F) pre- and post-freezing. 
Table 3 
wt of the samples pre- and post-freezing. The column on the far right indicates 
the percentage difference between the two groups, with the sign indicating an 
increase (+) or decrease (− ) in weight following cryopreservation. CPA; cryo-
protective agents. PBS; phosphate buffer solution.   
Fresh Frozen % Difference 
CPA (− 20 ◦C) 2.50 g 2.28 g - 8.6% 
CPA (− 80 ◦C) 2.20 g 2.05 g - 6.6% 
PBS (− 20 ◦C) 2.66 g 2.67 g +0.5% 
PBS (− 80 ◦C) 2.59 g 2.66 g +2.6%  
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The findings of this study should encourage more researchers to 
evaluate the properties of urethral tissue, knowing that the native 
properties of the tissue can be preserved for prolonged periods of time 
through storage at − 20 ◦C. Data characterising the composition, struc-
ture and mechanical properties of urethral tissue will contribute to 
development of novel tissue engineered urethral scaffolds, that better 
mimic the native properties of the tissue, which is crucial to their long- 
term success. Furthermore, the preservation protocol outlined in this 
study could be utilised in the storage of decellularised human urethral 
tissue used in the treatment of urethral trauma, to maintain their native 
properties prior to implantation. 
There are some limitations associated with the current study. Firstly, 
porcine urethral tissue was only characterised in the circumferential 
direction. However, porcine urethral tissue has an eccentric lumen, 
which prevented multiple uniform longitudinal samples being obtained 
from the same animal. Despite this, it is believed that cryopreservation 
would have a similar effect in both the longitudinal and circumferential 
direction, based on the findings of previous studies (Natali et al., 2016; 
Stemper et al., 2007; O’Leary et al., 2014; Caro-Bretelle et al., 2015). 
Secondly, the current study is limited by its adherence to a single CPA to 
prevent cryoinjury due to the freezing process. Although, this combi-
nation of CPA best preserved the collagen, elastin and reticular fibres in 
decellularized tissue scaffolds (Díaz-Moreno et al., 2018), it is believed 
to have contributed to tissue dehydration in the current study. There-
fore, future studies should evaluate different combinations of CPA to 
identify the one that best preserves the native properties of urethral 
tissue, without leading to tissue dehydration. Thirdly, the effects of 
tissue dehydration were not unanimously measured in the current study 
but a reduction in weight post-freezing was observed in a small sample 
size. Additionally, prolonged exposure to DMSO has been shown to 
result in a significantly lower water content (Matthews et al., 1998). 
Although we are confident that the samples suffered from tissue dehy-
dration post-freezing, future studies should evaluate the impact of pro-
longed exposure of urethral tissue to DMSO to quantify any adverse 
side-effects. 
5. Conclusions 
This study aimed to evaluate different cryopreservation protocols 
and identify the protocol that best preserves the native properties of 
porcine urethral tissue. It was discovered that cryopreservation alters 
the mechanical response of the tissue, as evidenced by an elongated toe 
region in the Cauchy stress – stretch curves, which is more prominent in 
the samples stored at − 80 ◦C. This phenomenon was quantified by 
comparing the stretch at different tensile stress values, which revealed 
that storage at − 20 ◦C is the only protocol that was not significantly 
different from the fresh samples at any of the tensile stress values 
evaluated. Despite these changes, the high stress, linear region of the 
curves is unaltered by cryopreservation, resulting in a similar elastic 
modulus fresh and following cryopreservation, regardless of the cryo-
preservation protocol. The failure mechanics of the tissue are unaffected 
by cryopreservation, apart from the samples stored at − 80 ◦C with a 
gradual reduction in temperature. Furthermore, cryopreservation at 
− 80 ◦C caused the length of the samples to decrease and the thickness to 
increase compared to the fresh samples. These morphological changes 
were attributed to tissue dehydration, due to prolonged exposure to 
DMSO, that may have resulted in proteoglycan degradation, which 
would negatively affect the tissues ability to retain water. The findings of 
this study indicate that urethral tissue should be stored at − 20 ◦C, as 
storage at − 80 ◦C is shown to significantly alter the mechanical prop-
erties, failure mechanics and geometry of the tissue. Furthermore, the 
elastic modulus fresh and following cryopreservation is shown to be an 
insufficient comparative metric, and future studies should emulate the 
analysis adopted in the current study to fully evaluate the impact that 
cryopreservation has on soft biological tissue. 
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